A charging and dispatching strategy for optimizing profits from V2G is presented. This optimization strategy builds on temporally resolved electricity market data. A case study shows that this method turns a S$ 1000 annual loss into a S$ 130 profit. Sensitivity analyses indicate potential for further increase of profitability. Employing this strategy in other countries is assumed to yield much greater profits. a r t i c l e i n f o 
Introduction
In a power system, electricity demand and supply are subject to continuous fluctuations which cause deviations from the desired voltage frequency. This requires an instantaneous intervention by the system operator which restores the equilibrium between power demand and supply. Power grid stability is either ensured by power plants which are able to quickly adjust their power output or by storage facilities which serve as buffers for energy excesses or shortages. Most of these solutions, however, are either costly or entail large space, presenting a need for developed concepts that offer greater economic advantages. This becomes especially vital with growing shares of intermittent renewable energies which will further increase the need for frequency regulation.
As part of a future smart grid, electric vehicles (EV) could play a major role for the fine-tuning of energy demand and supply. On average, a vehicle is parked 23 h a day [1] . During this time, its battery pack could be employed as a buffer for power excess or shortage by either charging the battery or by feeding electricity back to the grid. This concept termed Vehicle-to-Grid (V2G) was first mentioned in 1997 [2] and has been subject to intensive research in the last two decades. In this context, various theoretical investigations confirmed its effectiveness to improve power grid stability [1,3e7] and several fully functional prototypes where implemented [5, 6, 8] .
For EV owners, V2G could create revenues that would accelerate the amortization of vehicle investment costs. Economic feasibility studies have been conducted for different countries which, depending on their assumptions, arrive at different conclusions on the profitability of V2G [1,7e12] . One major drawback of previous analyses is the use of static models that are built on average values of electricity market data [7,9e12] . Electricity prices, however, highly vary during the course of a day, presenting varying scenarios where V2G may yield profits in one time period but result in losses in a different one. These unprofitable periods were incorporated in previous studies which led to an underestimation of achievable profits. The ability to distinguish between profitable and unprofitable time intervals is therefore crucial for maximizing monetary returns. Furthermore, individual travel itineraries impose restrictions on the temporal availability of vehicles. Knowing whether a vehicle will be primarily available during profitable or unprofitable periods is therefore essential to deduce a reliable conclusion on possible profits. This paper presents a method which builds upon temporarily resolved electricity market data. This allows the emulation of a smart charging/dispatching strategy which aims to maximize V2G profits by avoiding unprofitable time periods. This method furthermore permits investigations on the effects of different realistic mobility patterns which define the times EVs are grid-connected.
As an application of the price-responsive strategy, profits for various scenarios were calculated using the example of Singapore. The city state serves well as an application for the model because of several reasons: The electricity market structure is simple so that no simplifying assumptions need to be made. Furthermore, all required data are publicly available and finally, relevant prices are fairly low so that the outcome is expected to mark a lower bound for profits when compared to other countries.
The remainder of this paper is structured as follows: Section 2 briefly introduces the V2G concept. Section 3 discusses the electricity market in Singapore and sketches the available market data. In Section 4, the price-responsive cost-revenue model is introduced. In Section 5, this model is applied to several scenarios building on data for Singapore which leads to a conclusion on the conditions for the economic viability of V2G. The results are then further investigated in the sensitivity analysis in Section 6. In Sections 7 and 8 findings are discussed and an outlook on future research is given.
The V2G concept
The V2G concept is depicted in Fig. 1 . Energy is produced in power plants and transmitted through maximum, high, medium and low voltage lines to the consumers (e.g. households, enterprises, charging stations, etc.). One type of consumers are EVs which may either use the energy for driving or serve as a shortterm energy storage by charging their batteries in case of power excess or feeding electricity back into the grid in case of power shortages.
The amount of energy and power each individual EV can provide, however, is too low to participate on most electricity markets (in Singapore 1 MW for half an hour is necessary). Meeting these conditions thus requires hundreds to thousands of EVs aggregated to an Electric Vehicle Virtual Power Plant (EV-VPP) [5, 13] . This is done by an aggregator who serves as a mediator between the EV owners and the electricity market. The aggregator trades energy at the market and ensures that the EV-VPP is capable of providing the contracted power at all times.
Electricity market in Singapore
In Singapore, energy is traded at the National Electricity Market Singapore (NEMS) which is controlled by the Energy Market Authority (EMA) [14] . Within the energy market, several submarkets can be distinguished. To explain which of these markets are potentially relevant for V2G, they are briefly discussed in the following sections.
Base, central and peak load
Base load is defined as the lower bound of the daily energy demand. Energy for this load type is produced at the lowest possible production costs considering country-specific governance rules, e.g. regarding security, emissions, etc. Central and peak load constitute the fraction of energy demand which is variable but predictable with high accuracy. Energy for base load can be provided by any kind of power plant while the latter two load types require power generators which can efficiently adapt their output on a medium time scale.
In Singapore, 96% of electricity generation is provided by gas and oil power plants [15] . Their flexibility allows covering all three load types so that no distinction between base, central and peak load is made. In a result, there is only one price an entity has to pay when buying electricity from a generator, called the Uniform Singapore Energy Price (USEP).
As fluctuations of these load types are low and predictable, they can be efficiently balanced by conventional and inexpensive power plants. Therefore, this market is not considered a viable use case for V2G. The USEP will, however, still be relevant for the considerations presented in the remainder of this paper.
Ancillary services
Apart from the predictable variability discussed above, fluctuations occur virtually at every point in time requiring a response within seconds or minutes. They are handled by power stations which provide ancillary services by quickly ramping up their output in case of an under-supply (up-regulation) or curbing their generation if power supply exceeds demand (down-regulation).
Depending upon the response time and the duration of providing ancillary services, it is distinguished between regulation as well as primary, secondary, and contingency reserve [16] . Providers of ancillary services receive a payment on top of the USEP for the dispatched energy when up-regulation is required or a compensation for curbing power generation in the opposite case. These energy payments are called Market Regulation Price (MFP) and Market Reserve Price (MRP) for regulation and reserve, respectively. While there is only one MFP, a distinct MRP is associated with each of the three classes of reserve. Besides these energy payments, many national electricity markets also have a capacity payment which is a reward for only holding power generation potential available rather than actually dispatching energy. This is a major difference from the market in Singapore where this compensation does not exist.
Due to their quick response time, EV batteries are particularly suitable for providing ancillary services. To what degree the provision of any of these four service categories is profitable will be investigated in Section 5.
Market data
The energy market price data used in this study cover the USEP, MFP and all classes of MRP for the entire year 2012 [17] . At the NEMS, all of these prices are adjusted on a half-hourly basis so that all presented calculations build on time series with a 30 min resolution. Additionally, the end-consumer price for electricity, called Electricity Tariff (ET), is used. It mainly consists of energy costs (82%) as well as transmission costs (17%) and is subject to quarterly adaptation. To provide a rough overview of these prices and their temporal variance, their average values as well as standard deviations are given in Table 1 .
Cost and revenue model
In this section, the model which is used for investigating the economic viability of V2G is introduced. Total annual profits are calculated from the difference between revenues R and costs C
which are separately discussed in the following two sections.
Revenues
The total revenue R is the sum of the revenues made from upregulation and the revenues attained from down-regulation services. For up-regulation the EV is considered a generator. Therefore, energy is sold at the USEP which is topped up by the compensation for ancillary services p Anc . Depending on the energy market under consideration, p Anc corresponds to the MFP or the MRP. In this case, the received payment per unit of dispatched energy is
In contrast, in the case of down-regulation the EV acts as a consumer. The owner pays the ET which is discounted by p Anc . Since the energy purchase costs given by the ET are explicitly accounted for in Section 4.2, the effective payment per unit of energy in this case is therefore simply
The total annual revenue R is the product of these payments with the respective amounts of purchased and dispatched energy E [ and E Y . With E ¼ R PðtÞdt and both, prices and power being time-dependent, this can be written as
In this equation T [ denotes the time when up-regulation is provided while T Y represents the opposite case. As explained in Section 3.2, market prices remain constant during intervals of Dt ¼ 30 minutes. In addition it is assumed that the charging/dispatching power during this time is also kept unchanged. The integral can then be replaced by a sum over the time intervals i [ and i Y at which up-or down-regulation is provided:
Costs
In accordance with Ref. [1] , the total annual costs C A are calculated as the variable costs c var ¼ c h þ c D multiplied by the total annual amount of energy cycled through the battery pack E A , plus annual fixed costs C AF :
In this equation, c h denotes the energy purchase costs which, using the chargeedischarge efficiency h, can be written as
The term c D represents the variable battery pack depreciation costs which result from the limited number of possible chargee discharge cycles. Using the purchase costs of a battery pack C BatteryPack and the total possible energy throughput E Lifetime , this turns into
The quantity of energy which can be cycled through a battery pack until it fails to meet its specific performance criteria is given by the capacity Q BatteryPack multiplied by the depth of discharge (DOD) and the maximum number of cycles Z possible at a certain DOD:
One cycle in this context is understood as discharging the battery from an initial state of charge (SOC) by a certain DOD and subsequently recharging it to the initial SOC; the Ah throughput per cycle therefore depends upon the corresponding DOD. The cycle stability Z is a quantity which depends on a large number of parameters such as C-rate, DOD, temperature, humidity and time and which strongly varies among different battery chemistries [18] . It is therefore not possible to reliably model the cyclic lifetime so that many studies simply assume a fixed number for Z [7, 9, 11, 12] . To at least account for the important dependency of battery lifetime from the DOD, calculations in this paper are based on a functional relation between Z and DOD. This relationship results from a fit to a series of measurement data and is adopted from Ref. [19] :
The last term of Eq. (6) C AF denotes the fixed costs which account for the investment in equipment required in making an EV suitable for V2G. To annualize and discount the fixed costs, it is written as
with C C being the total capital costs, d the discount rate and n the number of years until the investment is depreciated.
With these considerations, the total annual costs can finally be rewritten as.
Àn : (12)
Price-responsive charging/dispatching strategy
To avoid financial losses, the decision on whether to provide ancillary services should depend on instantaneous electricity prices. To achieve profitability, revenues generated in a certain time period must be greater than the corresponding variable costs. In the presented model, this is considered by setting the charging/dispatching power to 0 in case the variable costs c var ¼ c h þ c D are equal or greater than the compensation payment:
Employing this method emulates a price-responsive charging/ dispatching strategy which only allows market participation at times when profits are expected.
Assessment of V2G profitability in different scenarios
In this section, the cost and revenue model is applied to the electricity market data described in Section 3. Initially, a basic scenario is investigated where an EV provides ancillary services during 24 h a day without obeying the condition given by Eq. (13) . A second scenario addresses a setup which also assumes a gridconnection of 24 h a day, but in this case the price-responsive strategy is employed. Finally, a set of scenarios is presented that take the limited vehicle availability into account which is given by realistic mobility patterns in Singapore.
In all cases, a battery pack capacity of 20 kWh is assumed. This is in accordance with the battery dimensions of the Nissan Leaf (24 kWh) and the Mitsubishi i-MiEV (16 kWh). The battery pack replacement costs are set to S$ 2 770 per kWh which reflects present prices according to Refs. [20] and [21] . Equipment for enabling EVs to provide V2G services is expected to yield fixed costs of only a few hundred S$. These costs are negligibly low when prorated over the whole lifetime of the battery pack and are therefore not considered in the remainder of this paper. In accordance with findings from the literature, the energy efficiency of a charge-discharge process is set to h ¼ 0.73 [1] . Charging and discharging power are both set to P ¼ 2 kW which corresponds to a C-rate of 0.1 and which presumes that the product of current and voltage is kept constant. This is realistic for small DOD and when extreme values of the SOC close to 0% or 100% are rare. By neglecting the capacity fade over time, a fixed time interval of 30 min then corresponds to a DOD of 5% or a throughput of 270 Ah respectively. The chosen value for P is believed to be a sensible compromise between maximizing revenues on the one hand and a reasonable battery depletion and depreciation on the other one. As both positive and negative regulation alternate at a high frequency, it can be assumed that an EV can offer up-regulation in one interval and down-regulation in the following one. This ensures that the targeted DOD is not exceeded and that the degree of battery depletion remains predictable. Since several of the mentioned numbers broadly disperse in reality and are expected to change over time, these parameters are varied as part of the sensitivity analysis presented in Section 6. The quantities which are repeatedly discussed in the following sections are the ratio of profitable periods as well as annual values for revenues, variable costs and profits. Given the fixed time intervals of 30 min, a day consists of 48 periods. The ratio of profitable periods denotes the annual average fraction of these time intervals which is profitable according to Eq. (13) . As fixed costs calculated by Eq. (11) are neglected, profits simply result from the difference between revenues and variable costs. To highlight the relevance of costs arising from battery degradation and imperfect chargee discharge efficiency h, the revenues are already reduced by the electricity purchase costs given by the ET.
Basic scenario
The simplest possible scenario is to consider an EV to be gridconnected 24 h per day, 365 days a year. Although this assumption is fairly unrealistic, it allows a first estimate on the economic attractiveness of the different market types introduced in Section 3. Table 2 depicts revenues and profits for one EV in the regulation market as well as in the three reserve energy markets. The results show that even by neglecting variable costs, revenues are positive in the regulation market only. Negative revenues occur because in many cases the ET at which electricity is purchased exceeds the received payments given by the sum of the USEP and the ancillary service compensation.
Battery depreciation and energy dissipation result in additional costs that ultimately lead to losses in all four cases. To illustrate this, Fig. 2 exemplarily shows revenues and variable costs for one week in March 2012. While revenues fluctuate due to time-dependent prices, variable costs are constant. In most of the periods, variable costs are higher than revenues which results in losses. A priceresponsive charging/dispatching strategy which prohibits market participation during unprofitable periods is therefore a necessary condition for making V2G profitable.
Price-responsive scenario
In this section, the implications of the price-responsive charging/dispatching strategy are investigated. The assumption of an availability of 24 h at 365 days a year is maintained, however, it is ensured that ancillary services are only provided during profitable time periods.
In Table 3 , revenues, costs, and profits for one EV in the regulation and the three reserve energy markets are depicted. In addition, the fraction of profitable time periods is given. It is shown that profits are attained in all four cases. The highest profits are achieved in the regulation market where this strategy yields an annual return of S$ 130 by providing ancillary services in about 12% of all periods. In the primary and secondary reserve market profits are negligibly low. With S$ 115, profits in the contingency market are in the same range as in the regulation market. Nevertheless, only a low share of time periods is profitable in this case. This means that returns are only the result of a small number of time intervals with high prices. Assuming cases where EVs are only grid-connected at certain times, the probability of missing these few intervals is high. Given these more realistic assumptions, expected profits in the contingency market are therefore negligibly low. As a result of these findings, only the regulation market will be considered in the remainder of this paper.
Mobility pattern based scenarios
While the previous results were based on the assumption of uninterrupted grid-connection, results in this section are built on more realistic estimations on vehicle availability. This is achieved by using typical mobility patterns of Singapore residents adapted from Ref. [22] . These patterns describe the trips various groups of people undertake on different days of the week and represent about 90% of the population. In particular, the data specify the start and end time of a trip as well as the type of destination categorized by home (H), work (W) and leisure (L). This reveals information on the time windows at which EVs can be connected to the grid depending upon the availability of charging stations at the various types of destinations. The mobility patterns should not be confused with driving cycles such as the New European Driving Cycle (NEDC) which describe standardized velocity profiles for fuel consumption and emission measurements.
As indicated in Table 4 , four different patterns for weekdays and three patterns for Sundays were used. Due to the lack of data, the Saturday pattern was generated from a weighted combination of week-and Sundays. Specific timings and durations were part of the calculations but are not explicitly stated in the table.
Using the price-responsive charging/dispatching approach, profits for each pattern were calculated. In Table 5 it can be seen that annual profits made from Monday to Friday do not exceed S$ 71, Saturday returns contribute S$ 22 and Sunday profits reach a maximum of S$ 28. In a best case scenario, annual profits therefore sum up to S$ 121 while in a worst case S$ 98 is possible. By weighting all profiles according to their share in the population, profits for an average Singapore resident amount to S$ 111 which is not far below the maximum value of S$ 130 obtained in the previous section.
It has to be noted that achieving these results requires V2G-capable charging stations at every stop. Since this is fairly unlikely, the implications of a grid-connection solely at home were also investigated. To obtain an upper bound for profits in this case, the calculation was based on the profiles W2 and SU3. The results in Table 6 show that annual profits drop down to S$ 21 and the number of profitable periods is reduced to less than 2%. The reason for this significant decrease is the low compensation for ancillary services during off-peak hours which typically are the times when vehicles are parked at home. This is an important result because it shows that the profitability of V2G is very low at times when the number of grid-connected EVs is at its maximum.
Sensitivity analysis
According to the results presented in the previous section, V2G profits are unlikely to be high enough to encourage EV owners to provide ancillary services. Many of the involved parameters, however, are subject to uncertainties and are also expected to change over time. Therefore, in the following sensitivity analysis the dependence of profits from the most important parameters is presented. All investigations in this section are based on the priceresponsive scenario introduced in Section 5.2.
Charging/Discharging power
A parameter that can be easily adapted in reality is the charging/ discharging power P. With a higher P, more energy can be sold or purchased which increases revenues per time period. With more energy being cycled, energy losses, however, also increase which in turn causes higher variable costs. Since the duration of dispatch intervals remains unchanged at 30 min, a greater charging power also implies a deeper DOD which increases battery degradation costs. As a result, higher power does not necessarily yield growing profits. Additionally, the design of electrical components such as inverter, power cables and the distribution box as well as the technical specifications of the charging station depend on the maximum connection power. In principle, a higher P would therefore also imply higher investment costs. In Section 5 it was assumed that the existing charging components make an EV inherently V2G ready so that the costs of these components do not need to be attributed to V2G. In case an EV would be upgraded specifically for the purpose of providing higher V2G power, the related costs would, however, have to be explicitly taken into account as fixed costs in Eq. (12) . As this investment would be in the range of several thousand S$, it is assumed that such an upgrade would not be performed specifically for V2G. Hence, only EVs with existing fast charging equipment could be considered for providing V2G services at a higher power. In accordance with the assumptions on fixed costs made for the previous sections, in this case, the related costs do not have to be attributed to V2G.
The results of the power variation are shown in Table 7 and Fig. 3 . It is observed that both revenues and profits increase with P. At 2 kW the number of profitable periods has, however, dropped to less than 10% already. This means that in the domain of higher P, profits primarily result from a few time windows with high electricity prices. According to Table 1 , these price fluctuations mainly occur within the USEP which exhibits a significant variance with maximum values of up to S$ 4000. Given that in reality EVs are only grid-connected during a certain part of the day, the probability of missing these few profitable periods is considerably high.
Efficiency factor
With the increasing maturity of battery technology and the development of super capacitors, the charging/discharging efficiency h is expected to undergo further improvements. The reduced energy dissipation will therefore result in decreased variable costs. This is expected to increase profits per period on the one hand and increase the number of profitable periods on the other. To illustrate this dependency, profits as a function of h are shown in Table 8 and Fig. 4 .
As expected, an efficiency increase leads to decrease in variable costs per period and growth in the number of profitable periods.
While the absolute profit increase is fairly low for h < 0.8, a more significant rise is observed at higher efficiencies. As shown in Fig. 4 , this correlates with an equally strong increase in the number of profitable periods. This results from the distribution of electricity prices which is shown in Fig. 5 . It can be observed that the upper 3% of prices (Region 3) exhibit a high variance with maximum values of up to S$ 4000 in case of the USEP. This domain is followed by a broad plateau that makes up about 83% of all time periods (Region 2). Finally, 14% of the time intervals exhibit low prices with again higher fluctuations (Region 1). In case of efficiencies below 0.6, only the periods of Region 3 are profitable. By further increasing h, the intervals belonging to the plateau of Region 2 also become economically viable. In this area, a slight increase in efficiency significantly raises the number of profitable time periods leading to a considerable profit increase. Current batteries with cycle efficiencies slightly below 0.8 are therefore just at the lower edge of a Revenues, costs and profits for W1 to W4 result from the sum of all weekdays (261 days), while the corresponding numbers for SA1 and SU1 to SU3 account for all Saturdays (52 days) and Sundays (53 days) respectively. region where incremental technology improvements lead to significant relative increases of financial returns. Nevertheless, even with h ¼ 1, 60% of the time periods remain unused due to the remaining battery depreciation costs. Efficiency increases alone will hence not be sufficient to make V2G economically attractive.
Battery model
Another crucial factor for the economic viability of V2G is the battery model. To accommodate this, investigations of variable and fixed battery pack costs are conducted in this section.
As discussed in Section 4, the cyclic lifetime of a battery strongly depends on a large number of parameters and cannot easily be expressed in a simple equation. Therefore, the cyclic lifetime given by Eq. (10) was scaled between a factor of 0.1 and 100,000 to investigate possible effects on profits. Even though this is a fairly broad range, different cell chemistries and charging/discharging strategies realistically permit cyclic lifetime factors between 0.1 and 10. The high cyclic lifetime values at the upper bound of this scale where chosen to demonstrate the limit case of diminishing battery depreciation costs. Equally, it indicates a lower cost limit that could be achieved by further improving battery technology or in case super capacitors would reach sufficiently high energy densities for being applied in EVs.
The results of this variation are listed in Table 9 and graphically illustrated in Fig. 6 . The variable costs are disproportionately low dependent on the cyclic lifetime. Although profits scale linearly with the cyclic lifetime, the amount of used periods already drops below 10% when scaling the cyclic lifetime by a factor of approximately 0.9. In case of an efficiency factor smaller than 0.9 only few periods with an extremely high compensation remain profitable.
The maximum profit of S$ 497 at 52% of profitable periods is achieved as the cyclic lifetime goes to infinity. The remaining variable costs of S$ 0.05 per period result from the energy losses investigated in the previous section. To further increase profits, other parameters have to be modified.
Varying the battery pack price has the same effect on the variable costs as changing the cyclic lifetime. Cutting fixed battery pack costs in half thus results in the same profits as doubling the cyclic lifetime. Therefore, diminishing battery pack costs and increasing cycle stability yield equal results so that an explicit sensitivity analysis of this parameter can be omitted.
Prices
As electricity prices are volatile, it is important to quantify the dependency of profits on variations of prices for buying and selling energy. This was separately done for the ET, USEP, and MFP which were scaled in a range from 0.5 to 1.5. The results of this variation are shown in Table 10 and graphically illustrated in Fig. 7 .
It can be seen that a rising ET causes a disproportionately high decrease of profits. In contrast, the lower the ET the higher the share of periods in which V2G services can be offered. On the contrary, it is observed that a raise of either the USEP or the MFP leads to a disproportionately high increase of profits as well as the amount of profitable periods.
With an ET price factor greater than 1 or either an MFP or USEP price factor smaller than 1 the amount of profitable periods drops below 10%. When moving the price factor further in these directions, profits are mostly generated during periods where the sum of USEP The number of cycles for the factor of 1 is 115,379.
and MFP is considerably high. Not being constantly connected to the grid poses the greater likelihood of missing a fraction of those periods, potentially resulting in significantly reduced profits.
Discussion
This section summarizes and evaluates the findings of applying the presented price-responsive cost and revenue model to the electricity market data of Singapore. To show the relevance of these results for other countries, a qualitative discussion of the characteristics of the Singaporean market compared to other national markets is given. Furthermore, the benefits of the proposed strategy on power grid stability as well as the limitations of the applied cost and revenue model are examined.
Profitability of V2G
The results in Section 5 show that given present market conditions and realistic technical parameters, a price-responsive charging/dispatching strategy is a necessary condition for the profitability of V2G. By employing this strategy, a maximum annual profit of S$ 130 could be achieved at the regulation market. This, however, requires an EV to be grid-connected at all times. Considering more realistic mobility patterns with lower vehicle availability, profits drop to S$ 98 per year. In the most likely case in which EVs are only grid-connected at home, profits further decrease to only S$ 21. This leads to the conclusion that given the conditions defined in this paper, V2G is unlikely to be a profitable concept for EV owners in Singapore.
According to the sensitivity analysis, adaptations of certain parameters may, however, improve the economic viability of V2G. The first parameter under consideration was the charging-discharging power. With an increase of power, revenues grow faster than the corresponding variable costs. This may yield annual profits of several hundred S$. It, however, comes at the cost of decreasing the amount of profitable periods to less than 2%. Assuming realistic mobility patterns, chances of missing those periods are high which would ultimately lead to a decrease in expected profits. Furthermore, high power connectivity requires the availability of fast charging technology both in the EV as well as in the charging station which would cause additional investment costs in the range of several thousand S$. A simple increase of power can therefore not be considered a driver for higher profitability. As the second parameter, the charging-discharging efficiency was investigated. A higher efficiency yields a disproportionately high increase in profitable periods and therefore also in profits. Given the electricity price structure in Singapore, this profit increase is most pronounced at efficiencies above 0.8 where incremental improvements of technology lead to a significant relative increase in returns. Another parameter which has a major influence on profits was found to be the cyclic lifetime of the battery, of which a variation in a realistic range could result in profits of up to S$ 500. This profit increase could equally be achieved by a drop in battery prices whose variation technically has the same effect as varying cyclic lifetimes. On the electricity market side, increasing the MFP or the USEP or decreasing the ET respectively yields a proportionately high increase in profitable periods and therefore in profits. Furthermore, a shift of high price periods into the time periods when EVs are more likely to be grid-connected could increase expected profits. This could possibly be the result of higher shares of wind energy which typically generates higher power during the night when most EVs are available.
As a result, even though the considerations in Section 5 arrive at the conclusion that expected profits are fairly low, the sensitivity analysis shows that both technological improvements as well as different price structures could have a significant effect on the profitability of V2G.
Applicability to other national markets
As the model presented in this paper is applied to data for Singapore, the question arises whether the results are applicable to other markets. Since a quantitative conclusion would require the analysis of price data, this is only discussed in a qualitative way.
One important difference between Singapore and a number of other markets is the missing capacity payment. This payment, however, is an important revenue stream in countries such as Germany and the US where it was found to be the major source of profits [1, 9] . On the contrary, the fiscal framework for V2G appears to be more beneficial in Singapore than elsewhere. The ET almost entirely consists of generation and transmission costs without any taxes added. This is in contrast to other markets where an EV owner has to pay consumption taxes on the electricity price even if the energy may just be bought for the purpose of feeding it back into the grid. A different taxation policy could therefore yield higher profits in these countries while there is little potential for improvements in Singapore.
It is concluded that Singapore most likely marks a lower bound for V2G related profits. It is therefore assumed that the priceresponsive charging/dispatching strategy combined with the returns from a capacity payment could yield significantly greater profits in other markets.
Benefits for power grid stability
From the technical perspective of stabilizing the power grid, the price-responsive strategy is in principle equivalent to the simple approach of continuously providing V2G services. Since nonprofitable periods are omitted, the overall contribution of V2G to stabilizing the power grid would, however, be reduced compared to the basic scenario in Section 5.1. At first glance, this may be considered a drawback because other entities need to satisfy the demand for ancillary services during these times. In the basic scenario, the profitability of V2G, however, is subject to randomness and financial losses need to be expected. Under these conditions it would be unlikely that V2G would achieve a sufficiently broad acceptance among EV owners at all. This implies that its potential for improving power grid stability would remain largely unutilized. A smart charging/dispatching approach which ensures profitability as presented here is therefore crucial for creating appropriate framework conditions for the practical employment of V2G.
Model limitations
One of the main limitations of the considerations presented in this paper is the difficulty of determining battery depreciation costs. Models that allow reliable conclusions on battery ageing depending on energy throughput, DOD and power are not available beyond a threshold of 500 to 1000 cycles. Consequently, the assumption of a reasonable charging/discharging power of 2 kW needs further support.
A drawback regarding the electricity market data is that information on regulation and reserve energy dispatch is not available in Singapore. As a result, no conclusion on the market size can be made. Since quick market saturation with a comparably low number of vehicles was shown to be an issue in several other countries [6, 8] , this is an important question to address.
Conclusion and outlook
This paper describes a dynamic model for calculating the profits EV owners could attain in Singapore by providing ancillary services to the power system. The calculation builds on temporally resolved electricity market data and emulates an intelligent charging/dispatching strategy. This strategy aims at avoiding financial losses by only providing ancillary services at times when expected revenues are greater than costs. Using this model, profits for an idealized scenario as well as for several realistic mobility patterns are quantified.
Compared to the most commonly discussed scenario in which an EV continuously provides V2G services whenever gridconnected, the presented price-responsive charging/dispatching strategy turns a maximum loss of S$ 1000 into a S$ 130 profit. By applying realistic mobility patterns, this value decreases to S$ 21 in the worst case. The investigation therefore leads to the conclusion that given the conditions defined in this paper, V2G is unlikely to be a profitable concept for EV owners in Singapore. The sensitivity analysis, however, shows that technological improvements could further increase profits. Since the price-responsive charging/dispatching strategy has a significantly positive impact on the economic viability of V2G, other energy markets with more favorable market conditions should be investigated accordingly.
Future work will build on an agent-based traffic simulation coupled with a power system simulation [23, 24] . This will allow investigating the dynamic interaction between complex mobility and charging patterns with the power system. By including more sophisticated battery models, the implications of different charging strategies can be assessed more effectively. Part of these investigations will also be a quantitative comparison of different national markets. The overall goal of this research will be to systematically explore the scenario space consisting of a large variety of technological and economic framework conditions to identify configurations that are most favorable for the application of V2G.
